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ABSTRACT The parallel plate flow dcamber provides a controlled environment for determinations of the shear stress at which
cells in suspension can bind to endothelial cell monolayers. By decreasing the flow rate of cell-containing media over the
monolayer and assessing the number of cells bound at each wall shear strew, the relaionship between shear force and binding
efficiency can be determined. The rate of binding should depend on the delivery of cells to the surface as well as the intrinsic
cell-surface interactions; thus, only if the cell flux to the surface is known can the resulting binding curves be interpreted correctly.
We present the development and validation of a mathematical model based on the sedimentation rate and velocity profile in
the chamber for the delivery of cells from a flowing suspension to the chamber surface. Our results show that the flux depends
on the bulk cell concentration, the distance from the entrance point, and the flow rate of the cell-containing medium. The model
was then used in a normalization procedure for experiments in which T cells attach to TNF-a-stimulated HUVEC monolayers,
showing that a threshold for adhesion occurs at a shear stress of about 3 dyn/cm2.
INTRODUCTION
The parallel plate flow chamber (Fig. 1) allows the study of
cellular binding in a well defined shear field, and many
investigators have used this device to measure the wall shear
stress at which adherent cells detach from the surface. In
these studies, cells are incubated under stagnant conditions
on a microscope slide coated with a protein or a cell mono-
layer that constitutes the bottom surface of the flow chamber,
and cell-free media is then perfused through the device in an
attempt to dislodge the cells from the surface (Hochmuth
et al., 1972; Gallik et al., 1989; Abassi et al., 1991; van
Kooten et al., 1992).
Another use for the parallel plate flow chamber is in the
evaluation of the range of wall shear stresses at which cell
capture occurs, as descnbed by Doroszewski et al. (1979).
The mechanics of cell capture are quite different from the
mechanics of cell detachment because of strengthening
mechanisms that function after stable adhesion is attained
(Mege et al., 1986). Mechanisms of adhesion reinforcement
include the spreading of cells on the substrate as well as the
recruitment of receptors to the area of contact (which may be
independent of cell spreading). Studies of capture shear
stresses can identify the contributions of the various adhesion
molecules involved in cell attachment to the endothelium and
provide a better understanding of cell delivery in vivo. In cell
detachment assays, on the other hand, the roles of the indi-
vidual adhesion pathways can be obscured because of these
strengthening mechanisms.
A convenient approach to studying binding kinetics over
a wide range of shear rates involves initiating the flow of cell
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suspension at a high rate and then decreasing the flow in a
step-wise fashion until appreciable cell binding occurs. The
number of cells that bind at each flow rate is inevitably de-
pendent on the number of cells near the surface available for
binding, and the question, therefore, becomes one of binding
kinetics versus collision frequency. Forrester and Lackie
(1984) introduced a normalization procedure in an attempt to
account for the contribution of cell flux to the binding rate.
They defined a "collection efficiency" by dividing the num-
ber of bound cells by the total number of cells that pass
through the chamber. The implicit assumption in this nor-
malization is that the concentration of cells at the surface is
the same as that in the bulk
We propose that a more appropriate indication of collision
rate between cells in suspension and the chamber surface is
the flux based on the local cell concentration near that sur-
face. Careful review of videotaped experiments at various
flow rates shows that the concentration of cells near the sur-
face varies with the flow rate and with the distance from the
entrance point. For cell binding experiments, it is necessary,
therefore, to characterize the delivery of cells to the bottom
surface of the chamber in terms of the flow rates and spatial
coordinates, and to use this local concentration in a normal-
ization procedure.
Calculation of the actual collision frequency between the
flowing cells and the surface is a formidable task and, indeed,
the behavior of the cells as they approach the surface appears
unpredictable. This can be attibuted to 1) van der Waals and
other molecular forces that come into play as the cells come
into close proximity, and/or 2) complex fluid dynamics in
this region. Even with a relatively smooth, spherical structure
such as a liposome, Wattenbarger et al. (1990) found that the
behavior very close a glass substrate deviated from their
model's predictions. Now consider a surface coated with an
endothelial monolayer, with an uneven surface topology. The
regions above the nuclei protrude approximately 2-3 p1m
above the surface, whereas the intercellular regions have a
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height of a fraction of a micrometer. This surface morphol-
ogy causes variations in the fluid dynamics close to the sur-
face and, hence, perturbations in the cell trajectory. This can
be seen as the cells pass by the layer in the region considered
in the analysis-they tend to swerve and dip as they en-
counter the "peaks and valleys" on the surface.
In addition, microvilli on the passing cell can protrude
over distances on the order of a micron from the surface,
extending the cell's range of grasp to much greater than
20-50 nm, which is the generally accepted binding distance.
These surface features would also be expected to alter the
trajectory of the cells tihrogh the fluid. Because of these
complicatios in the cell behavior as they near the surface,
we do not atempt to calculat collision frequencies, but in-
stead implement a first-order correction for the varymg sur-
face fluxes caused by sedimentation.
The analysis considers a volume element of fluid with
height h above the chamber surface (Fig. 2), defined by the
depth of field of the microscope objective used in the ex-
perimental observations. Cells accumulate in this thin layer
directly above the surface because of 1) cells that contact the
surface but do not achieve stable adhsion and, therefore,
flow near the surface until a successful interaction is
achieved and 2) the sharp decrease in sedimentation velocity
as cells approach a surface. Tlhis results in a local concen-
tration near the surface that is higher than the bulk cell
concentration.
The analysis is based on the sedimentation of cells in the
chamber. Wattenbarer et al. (1990) used a similar raionale
in a detailed study of lposome trajectories in the flow cell.
This work, however, was concerned with the approach and
interactions of individual liposomes at the surface, whereas
we are interested in the total flux of ceIls at a particular
loction at a given flow rate. An analysis of the rates of
settling and the velocities of cells along the chamber shows
that the local cell concentration depends on both the flow rate
and spatial coordinate, and provides a convenient method for
aliz the cell binding data.
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FIGURE 1 Sc c of the pralle plate flow dcumber. TIhe appratus
is held toether by vacumn, foring a constant gap width of 132 mm be-
tween the upper sufae and the mio mle
FIGURE 2 The parall plate flow chmrber appara in cross secion and
an view of the flow dcmbe region. h defines a 13-Lm layer of
fluid at the bottom of the dcamber. The cell monolyer occupies approxi-
mately 1 cm2 at the center of the botom surface.
MATERIALS AND METHODS
Normal human T lymphocytes were isolated from buffy coat prepparons
diluted 1:1 with Hanks balanced salt soluion (HBSS) and ceanig o ver
aHistosaque gradient (Sigma Co, SL Lis, MO) The lm-
phocyte layer was then depleted of momocytes by incubai with PME
(L-plienylalanine methyl enter, E.l dui Pont de Nemoms, Wilmingtn, DE)
for 15 minutes (Leung, 1989). The T lymphocytes were isolated according
to a modified method of antibody-mdiated ceIl depktion tCDl 9,
CD16, and CD15 atibo (Ymachi and Bloom, 1993) In cell binding
e iment Tcells at 10W/ml were pefused over a TNF-a (tumor necross
faco-a, Cetus, Emeryvile, CA; 50 ng#3 ml at 37°C for 5 h) activated
HUVEC (human umbical vein eh cell) monolayer at the bottom
of the paald plate flow chamber. A computer-driven varidabe speed y-
ring pump (Harvad Apparatus, South Nack, MA) puled celLs suspended
in HBSS fom a reservoir throu the chamber. An IBM PC contrlled the
on of the pump and promped the opa to positio the stage for
five acquied fields at each flow rate. The flow rate was deaesed from 2
mI4min (4.1 dyn/cm2wall sbearstrss) to 0.2 ml/min (0.41 dyu*m) in steps
of 02 mi/mi Five fields were sampled at each flow rate, and the
were recorded on a video assette for lat analysis.
Analyses of cell cnncentratio near the smface and cell veloeities were
performed with a HUVEC monolayer. The number of cells withim the
13 depth offield ofthe mic pe was deumined at various flow rates
and bcaions in the dhamber by image analysis. Fig. 2 Illusrates the flow
chanber apparatus and an view Of the chamber cro seion. The
chauel width is 2.5 an and the lngth is 6 cm. The heigth wa defined
by the depth of field of the 0.25 NA 10 obctive wsed for the experiment
observations. With phase cntrast optics, the cels apeard as bright objects
on a dark fil ad cells that were within the layer h were easily dsa-
gshed from cells frthr fm the srface. The total optcal magnificion
was 60x, and the field of viw (48x325 pm) covered aroximately 0.16
mm2 of the surface.
In the cell binding experim the objecive was maintined at 2.75cm
from the entranee slit (Le, at the center of the dcamber) and sampling was
only performed along the width of the ducmber. The time between flow rate
steps was adjusted so that the toal number of cells passng over the layer
at each step was the same (see Resuls and Discusion). The number of cells
bound ateach flow rate was determiedby miage alyss ofthe video tped
experiments. A cell was defined as bound if it did not detach or roll duing
the 5 s sampling time.
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THEORY
Cell sedi a rae and velocity near the wall
In the analysis of cell delivery to the surface, the cell ve-
locities in the x and y directions are considered separately.
The decrease of the x component of the velocity for spheres
flowing parallel to a surface descnrbed by Goldman et al.
(1967) was used in the calculation of the average transla-
tional velocity of the cells. The theory strictly applies to
neutrally buoyant spheres translating in Couette flow, but
near the wall the parabolic profile is approximately linear and
the flow can be assumed to be Couette. Because we are only
concerned with the bulk behavior of the cells in the region
h, we can obtain an average effective velocity for the cells
in this region by integrating over the nonlinear correction
function. This yields an average velocity for cells moving
within h along the flow chamber of 0.117 Q (cm/s, with the
flow rate Q in ml/min). This is a factor of 0.84 slower than
the uncorrected average velocity in h.
The presence of the flow chamber surfaces (top and bot-
tom plate) also affects the sedimentation rates of the cells.
Brenner (1961) studied the effect of solid surfaces in slowing
the sedimentation of rigid spheres and derived the appro-
priate correction for the Stokes sedimentation law. Taking
into account the contnbutions of both the top and bottom
surfaces ofthe chamber, the corrected average sedimentation
velocity in the region above h is slower than the Stokes ve-
locity for free sedimentation by a factor of 0.86.
To determine the time and position dependencies of the
cell flux at the surface, we perform a balance on the cell
concentration I (cells cm-3) in a volume element within the
layer h (Fig. 2). Cells enter the volume element from above
at rate Cv (cells-cm-2-s-) because of settling and from the
left because of the bulk motion of the stream with velocity
u(cm-s-1). C is the bulk concentration, v is the average set-
tling velocity for cells above h, and u is the average cell
velocity in the x direction within h. Cells exit the element
with the bulk flow at x + Ax and by binding to the srface
with rate R (cells-cm-2-s-').
The supply of cells from the bulk solution is independent
of the x position. A pulse of cells injected into the chamber
will distibute in a nonuniform manner on the bottom surface
of the chamber (Fig. 3), but for continuous flow of cells into
the chamber, the increase in flux caused by a higher velocity
at the center of the inlet exactly balances the spreading effect
In other words, the divergence of the steamlines at the sur-
face in the x direction caused by the parabolic flow profile
is countered by the variation in flux at the entrance that is also
caused by this parabolic profile.
This can be shown as follows. Neglecting the small effect
of the walls in the region above h, the trajectory of a cell
through the chamber starting at yo (where y is measured from
the center of the chamber height) is given by
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FIGURE 3 Cell trajectories in the bulk fluid for various etrance heights.
The flow rate for all curves is 1 mI/mm
the constant sedimentation velocity, and w is the chamber
width. This expression was derived by combining the para-
bolic translational velocity profile with a constant sedimen-
tation velocity in the y direction. The trajectories for a num-
ber of starting positions are shown in Fig. 3.
Now consider the cell flux at the entance and the fate of
these cells in the region just above h. A simple balanc on
the fluxes contained between any two trajectories gives
U(yO)CAYO = VbaX (2)
where u(yo) is the velocity in the x direction at x = 0, Cb is
the concentration at y = -b, and C is the bulk (entrance)
concentration. Ayo is the vertical height of the entrance flux
being considered (the differential distance at x = 0), and
Ax is the corresponding length at y = -b. TIhis gives the
condition
dx u(yo)C
dyO VCb '
Substitution of the derivative from Eq. 1 and the parabolic
velocity profile for u(yo) yields Cb = C; the concenttation
does not deviate from the bulk concentration along the cham-
ber. Because the sedimentation velocity is constant, the sedi-
mentation flux is invariant with position.
For the analysis of flux near the surface, we consider the
bulk behavior of the cells in the region h, and neglect any
variation of the concentration in the y direction within this
control volume. A balance on the fluxes yields the partial
differential equation for the cell concentration 4 within h:
(4)a Cv-Rht= -UAt h ar
where R is the rate of binding to the surface. In general,
the rate of binding is much less than the rate of delivery,
so R can be neglected compared to Cv. At steady state
(M/at) = 0, and with Cv >> R, we obtain
(3)
Q
X = 4vb3W[3bNy0 - y) + y3 - yr,] (1)
where Q is the flow rate, b is the chamber half-height, v is
11', = C(1 + uh
where we have assumed that W,, = C at x = 0.
(5)
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Next, we examine the behavior of the system after a step
change in the flow rate. After a step change in velocity
from uo to ul, the concentration of cells near the surface
evolves from one steady state to the next according to Eq. 4
with u = ui:
-at cv a4
_
=-jj-Ui-~
The general solution to this equation is
Cvit=-h T+f(x-U17)
(6)
(7)
where T = t- t, the time since the step change occurred.
The boundary and initial conditions, which determine the
form of the functionf(x - u1T), are that at x = 0, = C (the
bulk cell concentration), and at T = 0, the concentration must
be equal to the previous steady-state value, W.< These con-
ditions lead to the following form of the function f(x -uT),
which has a discontinuous gradient at x = UIT:
(8)
[C[1uhex) x-u T>O.
tc 1 +-(X- UT)] X- I T>
Substituting Eq. 8 into Eq. 7, we obtain the solution for the
approach to the new steady state (x > ulT) and the new steady-
state concentration profile (x ' uT):
[c(+ u h)
LCVr(l )vx
h ( uO) ( uh^
x -UlT 0
(9)
X- UIT>0
The time to reach steady state is At. = xlu1, corresonding
to the time required for a cell to move fromx = 0 to the given
x coordinate.
RESULTS AND DISCUSSION
We confirmed our assumptions regarding the velocities by
examining cells that can be distinguished under experimental
conditions at various flow rates, where the depth of field of
the optical system is 13 pim. If the assumptions are correct,
then the theoretical cell velocities at 13 pm and 20 nm should
define the maximum and minimum limits, respectively, of
the experimental velocities. 20 nm was chosen as the mini-
mum distance because this is on the order of the bond in-
teraction length: distances less than this should result in an
interaction between the cell and surface (Bell, 1978). As
Fig. 4 shows, the experimental velocities fall into the pre-
dicted range, and the experimental and theoretical mean
velocities show good agreement.
The steady-state predictions of the model (Eq. 5) simulate
the behavior of the system well. In Fig. 5, The concentration
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FIGURE 4 Verification of theoretcal veloiies. The velocities of ran-
domly chosen cells were determined under experimental conditions over
glass slides with no mondayer prcsent at four different flow rates. The
theoreical veloities at heights of 13 pn ( ) and 20 nm (---) define
the theoretical upper and lower velocity limits. The dotted line is the theo-
retical average velocity within h and the large cires are the experime
averages. The small circes are the sampled values at each flow rate.
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FIGURE 5 Steady-sate cell concentations within the layer h. T lym-
phocytes were perfused over a clean glass slide at various flnw rates. After
sufficent time had passed to reach steady sbte (see text), the cell concen-
taion withinhwas detemined at differentx coordinates akn the chanber.
Panel a shows the linea relhip between the relative c nen tati
and x for two different flow rates: 0.5 mllmin (theoy: experiment
0, r' = 0.992) and ii ml/min (theory: - ---; experiment r = 0.959).
Panel b shows thec on between theory ( ) and experiment ()
forQ atconstntx (x = 2.75 cm). Err bars represent + 1 SD fom the mean
of five measurements
within h relative to the bulk concentration is plotted for vari-
ous flow rates and distances along the chamber. The depen-
dencies of concentration on x and Q are shown in Fig. 5, a
and b, respectively. Note that there are no adjustable
parameters in the model.
Fig. 6 illustrates a priori normalization of cell capture data
through equalization of the cell fluxes during an experiment.
The step changes in the flow rate are shown in Fig. 6 a and
the resulting relative concentration, *IC, in Fig. 6 b. The
corresponding flux at the surface is plotted in Fig. 6 c. The
flux and the rate of return to steady state are inversely pro-
portional to the flow rate (Eq. 9), and the saw-tooth pattern
ofthe flux is a result ofthe imm iate decrease in the velocity
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FIGURE 6 Normalization ofcelilfluxes duringa celicapture exeiment.
Panel a shows the exprienalsteps the flow rate; sampling was per-
formed during the last 25 s at steady state, as imndwated by the vertical hatch
marks the flow rate plot The resultig time-course of the ccll comcen-
tration and the cell flux within h at the center of the dhamber (x = 2375 cn)
are plotted in b and c, respeciey
at thie step changes followed by the approach to a new steady
state of WI. During this period, the inacrease concentration
at the surface partialy compensates for the decrease in ve-
locity. By adjusting the waiting period at each flow rate, the
areas under the flux curve in Fig. 6 c have been equalized for
each step. The waiting period at 0.2 ml/mmi was first chosen
so that just reaches steady state before smpling com-
mences. The rmiaining flow times were calculated by equal-
iigthe total number of cells, Gi, passing at each step ac-
cording to
Gi ~ + +11
~~~(10)
+ c 1+
-i
where u1 and u,_1 are the current and previous velocities,
resectively, and tw,, is the time spent at flow rate i (induding
Fig. 7 shows the resulting cumulative bound cell density
as a function of shear stress for the protocol in Fig. 6. The
bound cell density rises steadily after a transition period at
the beginning. This transition region near 3 dyn/cm2 repre-
sents the "critical capture stress" referred to by some authors
(Mege et al., 1986; Lawrence and Springer, 1991; Menter
et al., 1992), and at lower shear stresses (lower flow rates)
the binding efficiency rises steadily. The value of the critical
shear stres obtained using this technique agrees well
with reports from other groups investigating a variety of cell
types from polymorphonuclear leukocytes (L.awrence and
McIntire, 1987) to sickle cells (Barabino et al., 1987), in-
diaing that this is a robust parameter.
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FIGURE 7 TeH bhining to aTNF-a-activated HUVEC monolayer. The
cumulative bound ccli conicentrastsioun (oj) is plotted as a functio of the wall
shear strem for an exeietusing the protocol in Fig 6. Error bars rep-
resent ±1 SD firom the mean of five fields
Various adhesion molecules can contribute to the net ad-
hesive force to different degrees and at different times during
the process of initial contact and arrest. The critical attach-
ment thresholds as well as the different bindin efciencies
(which are proportional to the slope of the binding curve)
m igh rove to be useful indicators of the relative contribu-
tion of different molecular adhesion systems in mediating the
early steps of cell binding under flow conditions. This hy-
pothesis might be tested, for example, by performing anti-
body blocking experiments to eliiaethe known adhesion
systems one at a time.
These points are contingent, however, upon the normal-
ization of the total number of cells available for binding over
the course of the experiment. Without aportecontrol of
the cell fluxes, it is difficut to deduce the itnscbinding
kinetics from the experimental curves. The prtoo outlined
inFig. 6variest.,,toequaliz thenumberofcells ateachflow
rate. A protocol that uses equal waiting periods at each flow
rate, on the other hand, results in a 51% decrease in the
number of cells at the last step compared with the first. The
decrease in the number of cells in this case is caused by the
decrease in total flux as the flow rate decreases and as the
system deviates from steady state.Bidn aaderived from
such a protocol can be misleading because of the varying
number of cells avai-lable for binding at each flow rate.
We must note that the current model represents a first-
order correction that enables more reliable etmesof cell
binding efficiencies, and correspondingly carries some limi-
tations resulting from the assumptions that might restrict its
application. One possi-ble problem lies in the assumption of
a universal and constant sedimentation velocity for the cells
in the region above h. The cell flux predkiced by the model
is directly proportional to this sedimentation velocity, which
in turn depends on the difference between the cell density and
the fluid density, p. - pL The range of lymphocyte density
is 1.055 to 1.070, with mean 1.063 g/cm3 (Skalak and Chien,
1987). This corresponds to a ±+ 12% range of sedimentation
velocities around the mean, indicating that the population of
cells at the bottom of the chamber will be enriched with cells
of higher density. The experimntlprotocol could be im-
proved, therefore, by using cells that have been previously
MLim et al. 893
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isolated over a tighter range of density. It should be noted,
however, that the enrichment of cells of higher density only
becomes a problem if the cell density carries some correla-
tion with cell subtype or function. If density does not relate
to cell adhesivity, or ifwe are not preferentially capturing one
cell subset, then any density variation in the captured popu-
lation would be acceptable for adhesion studies.
In addition, the assumption that Cv >> R might not hold
in certain experimental protocols. This situation can occur,
for example, in the adhesion of cells to a reactive surface or
an endothelial monolayer, if there exists a large area for ad-
hesion between the inlet and the point ofobservation. In these
cases, the rate of binding can be comparable with the rate of
supply from the bulk, and the steady-state concentration near
the surface takes the form
/Cv-R\
tSS=t Uh~~+C (11)
Based on our experiments with lymphocytes binding to
activated endothelial cells, the maximum rate of binding
(corresponding to the lowest shear stress considered, 0.41
ml/min) is approximately 80 cells-cm-2 s-1. The sedimen-
tation flux, on the other hand, is approximately 180
cells-cm-2 s-'. In this case, the assumption that Cv >> R
is not valid. We circumvent this problem by seeding the
HUVEC cells at the center ofthe slide, so that they cover only
1 cm2 of the slide surface. This minimizes the region in which
R is important and also allows us to conserve endothelial
cells. The effect of depletion in the region upstream from the
point of interest, therefore, is minimized. The steady-state
concentration at the surface in this case is
,
t Cvx-R(x-x0) (12)
where xo is the value of x at which the layer begins. For
observations at the center of this 1 cm2 region (at x = 2.75
cm), the reduction in cell concentration caused by binding is
only 5% in the worst case (i.e., the lowest flow rate). For the
situation where the entire surface is reactive andR cannot be
neglected, the analysis is sfill valid, but cannot be used to
define an a priori normalization. However, the theory could
be applied to the resulting data to normalize with respect to
the cell flux after determining the rates of binding in the
above equation.
The presented analysis has important ramifications for
flow chamber studies in general. First, this study has shown
that there are variations in fluxes along the chamber length;
therefore, any assessment of cell capture in the flow chamber
must either maintain a constant x coordinate or else correct
for the differences in flux because of sampling along the
chamber. Second, the steady-state value of the flux depends
on the flow rate, and studies comparing different wall shear
strsses by adjusting the flow rate must account for these
differences. Even devices that have been designed to provide
a varying shear rate without necessitating flow rate changes,
such as the radial flow chamber (Groves and Riley, 1987;
Kuo and Lauffenburger, 1993) and the parallel plate flow
chamber with variable width (Usami et al., 1993), must apply
similar corrections for cell delivery. Finally, the temporal
nature of the flux after a step change in the flow rate must
be considered, because this leads to additional variations in
the rate of cell delivery to the surface.
The purpose of this analysis was to develop a more ac-
curate method for obtaining and interpreting binding data for
cell capture in the parallel plate flow chamber. It provides an
estimate of the cell concentration near the surface, which
should be related to the collision frequency between cells and
the surface. The theory is consistent with the experimental
observations and represents an improvement over simpler
techniques that normalize the bound cell density with respect
to the flux based on the bulk cell concentration. It is a first
step toward a more detailed analysis that would model the
physical interaction between the cell and surface as well as
the kinetics of receptor-ligand binding, and thereby relate
binding rates to molecular adhesion mechanisms.
The HUVEC cells used in this study were the generous gift of the laboratoy
of Michael Gimbrone, Vascwlar Research Division, Brigham and Women's
Hospital and Harvard Medical SchooL
This work was suorted by a grant from the American Cancer Society
(IM-627). We thank Drs. David Berk, Fan Yuan, Larry Baxter and Richard
Skalak for their helpful comments.
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